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Summary
Plant disease resistance is the consequence of an in-
nate defense mechanism mediated by Resistance (R)
genes [1]. The conserved structure of one class of R
protein is reminiscent of Toll-like receptors (TLRs)
and Nucleotide binding oligomerization domain (NOD)
proteins—immune-response perception modules in
animal cells [2–4]. The Arabidopsis snc1 (suppressor
of npr1-1, constitutive, 1) mutant contains a mutation
in a TIR-NBS-LRR-type of R gene that renders resis-
tance responses constitutively active without interac-
tion with pathogens [5]. Few components of the
downstream signaling network activated by snc1 are
known. To search for regulators of R-gene-mediated
resistance, we screened for genetic suppressors of
snc1. Three alleles of the mutant mos6 (modifier of
snc1, 6) partially suppressed constitutive-resistance
responses and immunity to virulent pathogens in
snc1. Furthermore, the mos6-1 single mutant exhib-
ited enhanced disease susceptibility to a virulent
oomycete pathogen. MOS6, identified by positional
cloning, encodes importin 3, one of eight  impor-
tins in Arabidopsis [6].  importins mediate the im-
port of specific proteins across the nuclear envelope.
We previously reported that MOS3, a protein homolo-
gous to human nucleoporin 96, is required for consti-
tutive resistance in snc1 [7]. Our data highlight an
essential role for nucleo-cytoplasmic trafficking, es-
pecially protein import, in plant innate immunity.
Results and Discussion
Identification of Three mos6 Alleles from a
Suppressor Screen of snc1 and snc1 npr1-1
The modifier of snc1, 6 (mos6) mutant, generated by
fast-neutron mutagenesis in the snc1 background, was
identified in the suppressor screen described earlier [7].
Whereas snc1 plants exhibit constitutive Pathogenesis-*Correspondence: xinli@interchange.ubc.carelated (PR) gene expression and have a distinctive
morphology (stunted growth and dark, curly leaves)
[5, 8], the mos6-1 snc1 mutant plants are intermediate
in size between snc1 and wild-type plants and have
leaves that are lighter green and less curly than in snc1
(Figure 1A). Two other mutants isolated in the snc1
npr1-1 background were mapped to the same chromo-
somal arm. These were subsequently found to be allelic
to mos6-1 snc1 by a complementation test (see below)
and were named mos6-2 snc1 npr1-1 and mos6-3 snc1
npr1-1. mos6-2 and mos6-3 partially suppress the se-
vere dwarf phenotype of snc1 npr1-1. The constitutive
pBGL2-GUS reporter gene expression in snc1 and snc1
npr1-1 is suppressed by all three alleles ofmos6 (Figure
1B). Furthermore, RT-PCR analysis showed that consti-
tutive endogenous PR-2 (BGL2) and PR-1 expression
were largely suppressed in mos6-1 snc1 and mos6-2
snc1 npr1-1 (Figure 1C).
Whenmos6-1 snc1 was backcrossed with snc1 (both
carrying the reporter gene pBGL2-GUS), the F1 progeny
had snc1 morphology, indicating that mos6-1 is reces-
sive. Out of 42 F2 progeny, 31 had GUS staining, suggest-
ing that the suppression of constitutive pBGL2-GUS
expression by mos6-1 is caused by a single recessive
mutation (expected ratio is 3:1, χ2 = 0.032; p > 0.1). To
test for allelism, we crossed mos6-1 snc1 with mos6-2
snc1 npr1-1 and mos6-3 snc1 npr1-1. Complementa-
tion was not observed in either case. All of the F1 prog-
eny had parental morphology (did not exhibit a snc1
phenotype), and there was no constitutive pBGL2-GUS
expression in F2 seedlings (data not shown).
mos6 Suppresses Elevated SA Levels
in snc1 and snc1 npr1-1
Defense responses with varying degrees of efficacy in
limiting pathogen growth have been shown to have dif-
ferential dependency on SA, jasmonic-acid, and ethyl-
ene signaling [9]. The snc1 mutant accumulates high
levels of SA [8]. Previously, we found that SA levels are
only partially responsible for snc1 phenotypes; the
eds5 mutant, which is deficient in SA accumulation
[10], does not affect constitutive PR-2 expression in
snc1 [5]. Moreover, snc1 eds5-3 mutant plants had in-
termediate size and curly leaves but were susceptible
to virulent pathogens.
We extracted and measured free and total SA in
mos6-1 snc1 plants to determine whether mos6-1 sup-
presses SA accumulation in snc1. As shown in Figures
2A and 2B, free and total SA in mos6-1 snc1 is about
4.5-fold and 7-fold lower than that in snc1, respectively.
Compared to snc1 npr1-1, both mos6-2 snc1 npr1-1
and mos6-3 snc1 npr1-1 had an approximately 10-fold
reduction in free SA levels and a 6- to 7-fold reduction
in total SA levels (Figures 2A and 2B). snc1 npr1-1 ac-
cumulates significantly more SA than snc1 alone, and
thus mos6-2 snc1 npr1-1 and mos6-3 snc1 npr1-1 ac-
cumulate more SA than mos6-1 snc1. This effect is
probably due to the contribution of npr1-1 because
NPR1 is involved in feedback regulation of SA levels
Current Biology
1130[
c
p
a
m
R
s
t
(
o
t
f
s
w
s
d
o
d
e
t
n
a
r
t
N
g
d
T
D
O
W
m
n
p
t
a
r
o
s
t
l
n
t
n
g
b
sFigure 1. Suppression of snc1-Associated Morphology and Consti-
tutive PR Gene Expression by mos6 Alleles u
p(A) Morphology of wild-type (WT) Columbia, snc1, snc1 npr1-1,
mos6-1 snc1, mos6-2 snc1 npr1-1, and mos6-3 snc1 npr1-1. All p
plants were 4 weeks old and grown parallel on soil. e
(B) Suppression of snc1-induced pBGL2-GUS reporter gene ex- s
pression in representative 3-week-old seedlings grown on MS me-
Edium. Seedlings were stained for GUS activity.
m(C) PR-1 and PR-2 (BGL2) expression in WT, snc1, snc1 npr1-1,
nmos6-1 snc1, and mos6-2 snc1 npr1-1. RNA was extracted from
3-week-old plants grown on MS medium and reverse transcribed c
to give total cDNA. The cDNA samples were normalized by real-
time PCR with an Actin 1 probe. PR-1, PR-2, and Actin 1 were Mamplified by 30 cycles of PCR with equal amounts of total cDNA.
mThe PCR products were analyzed by agarose-gel electrophoresis.
111]. Because mos6 suppresses SA accumulation and
onstitutive PR-2 expression in snc1, we tentatively
lace MOS6 downstream of snc1 and upstream of SA
ccumulation in the snc1-signaling pathway [5].
os6 Partially Suppresses Constitutive Pathogen
esistance in snc1 and snc1 npr1-1
nc1 and snc1 npr1-1 are resistant to the virulent bac-
erial pathogen Pseudomonas syringae pv maculicola
P.s.m.) ES4326 and the oomycete pathogen Peron-
spora parasitica (P.p.) Noco2 [5]. To determine whether
he mos6 mutations affected this resistance, we in-
ected the mos6-1 snc1 double mutant and mos6-2
nc1 npr1-1 and mos6-3 snc1 npr1-1 triple mutants
ith both pathogens and compared them to snc1 and
nc1 npr1-1 plants, respectively. Although snc1 had no
isease symptoms and supported bacterial growth two
rders of magnitude less than that of the wild-type 3
ays after infection, mos6-1 snc1 had intermediate dis-
ase symptoms and about an 8-fold higher titer of bac-
eria than snc1 (Figure 2C). Similarly, in mos6-2 snc1
pr1-1 and mos6-3 snc1 npr1-1, P.s.m. ES4326 grew
bout 150- and 40-fold more than in snc1 npr1-1,
espectively (Figure 2C). All three mos6 alleles also par-
ially suppressed snc1-mediated resistance to the P.p.
oco2 (Figures 2D and 2E). These data together sug-
est that snc1-mediated resistance signaling is partly
ependent on MOS6.
he mos6-1 Single Mutant Exhibits Enhanced
isease Susceptibility to a Virulent
omycete Pathogen
e isolated the mos6-1 single mutant by crossing
os6-1 snc1 with Col containing pBGL2-GUS. It had
o noticeable morphological phenotype when com-
ared to the wild-type. When mos6-1 plants were
ested against Pseudomonas strains expressing AvrB
nd AvrRpt2, and the avirulent Peronospora parasitica
ace Emwa, no significant increase in susceptibility was
bserved in comparison to the wild-type (data not
hown). To test if basal defense was compromised in
he mos6-1 single mutant, we infected plants with viru-
ent P.s.m. ES4326 and P.p. Noco2. Although there was
o significant difference in growth of the bacterial pa-
hogen in mos6-1 as compared to the wild-type (data
ot shown), mos6-1 supported about 2-fold higher
rowth of P.p. Noco2 (Figure 3).
Mutations in PAD4 and EDS1, which completely
lock snc1 signaling [5, 8], exhibit enhanced disease
usceptibility (EDS) to both bacterial and oomycete vir-
lent pathogens [12, 13]. Differential susceptibility to
athogen class has been described for other EDS-dis-
laying mutants, such as eds14, eds15, eds17 [14], and
sa1 [15]. Because the mos6 alleles only partially block
nc1 phenotypes, and because the single mutant has
DS against P.p. Noco2 but not P.s.m. ES4326, MOS6
ay be an snc1-signal-transduction-pathway compo-
ent that is more important for limiting growth of a spe-
ific subset of pathogens, such as oomycete pathogens.
ap-Based Cloning of mos6
os6-1 was subsequently mapped to a region of about
20 kb (Supplemental Data, Figure S1). We then ampli-
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1131Figure 2. Suppression of snc1-Associated
Salicylic-Acid Accumulation and Resistance
to Virulent Pathogens by mos6 Alleles
(A) Free and (B) total SA in leaves of 4-week-
old soil-grown WT, snc1, mos6-1 snc1, npr1-1,
snc1 npr1-1, mos6-2 snc1 npr1-1, and mos6-3
snc1 npr1-1 plants. The values presented
are averages of four replicates ± standard
deviation (SD).
(C) Growth of P.s.m. ES4326. The leaves of
4-week-old soil-grown plants were infiltrated
with a suspension of the bacteria at OD600 =
0.001. Leaf discs within the inoculated areas
were taken immediately (day 0) and three
days after infection. The log-transformed
values presented are averages of four repli-
cates ± SD. Cfu, colony-forming units.
(D and E) Growth of P. parasitica Noco2.
Two-week-old seedlings were sprayed with
a conidiospore suspension of 5 × 104 spores
per ml of water. Seven days after infection,
the conidiophores per infected leaf were
counted, and the infection was rated as fol-
lows: 0, no conidiophores on the plants; 1,
no more than five conidiophores per infected
leaf; 2, 6–20 conidiophores on a few of the
infected leaves; 3, 6–20 conidiophores on
most of the infected leaves; 4, 5 or more co-
nidiophores on all infected leaves; 5, 20 or
more conidiophores on all infected leaves.
Data are presented for 20 plants of each ge-
notype. All experiments were repeated at
least twice with similar results.fied overlapping 2 kb regions of genomic DNA in this
interval by PCR to look for potential deletions. A 5.3 kb
chromosomal rearrangement that affects several genes,
including the first predicted exon of At4g02150 (acces-
sion NM_116447) was detected in mos6-1 snc1. PCR
fragments of this region were subsequently amplified
from the genomic DNA of mos6-2 snc1 npr1-1 and
mos6-3 snc1 npr1-1 and sequenced. For mos6-2 snc1
npr1-1, a 1 bp deletion was discovered in the first exon
of At4g02150, introducing a frameshift mutation at base
pair 45 from the ATG (Figure 4A). A 10 bp deletion in
the last exon of the same locus was found in mos6-3
(Figure 4A).
To further confirm that MOS6 is At4g02150, a full-
length cDNA clone of At4g02150 was transformed into
mos6-1 snc1 under the control of the CaMV 35S pro-
moter. Ten out of ten transgenic plants exhibited com-
plementation ofmos6-1 by displaying snc1morphology(Figure S2), constitutive pBGL2-GUS reporter gene ex-
pression (data not shown), and restored resistance to
P.p. Noco2 (Figure 4B). The complementation experi-
ment was repeated for mos6-2 snc1 npr1-1 and mos6-3
snc1 npr1-1 with similar results in morphology (Figure
S2) and resistance to P.p. Noco2 (data not shown).
Subcellular Localization of MOS6
We examined the subcellular localization of the MOS6
protein by fusing GFP in-frame to the C terminus of
MOS6 under control of the CaMV 35S promoter. The
GFP fluorescence signal is concentrated in the nucleus
and colocalizes with stained DNA (Figure S3A). This is
similar to the nuclear-localization pattern described
before for an importin α in tobacco protoplasts [16]. In
contrast, GFP alone driven by the 35S promoter did not
have a localization pattern similar to that of MOS6-GFP
(Figure S3B). To ensure that these data reflect the natu-
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Figure 3. Enhanced Susceptibility of mos6-1 to Virulent P.p. Noco2 o
Growth of P. parasitica Noco2 on the mos6-1 single mutant. Two- a
week-old seedlings were sprayed with a conidiospore suspension t
of 5 × 103 spores per ml of water. For assaying the infection, five
pplants were collected per ml of water for each replicate, and the
ctotal number of conidiospores was counted with a hemacytometer.
The values presented are averages of six replicates ± SD. The ex- p
periment was repeated twice with similar results. a
i
αral localization of MOS6, we transformed 35S-MOS6- 9
GFP into mos6-1 snc1 plants and examined the trans- p
genic progeny. Out of 12 transgenic plants selected, m
all exhibited snc1 morphology and constitutive pBGL2- b
GUS expression (data not shown), indicating that 35S- M
MOS6-GFP complements the mos6-1 mutation in the
snc1 background and that the MOS6-GFP fusion pro- p
tein is correctly localized. a
d
tMOS6 Encodes a Putative Nuclear- eImport-Receptor Subunit f
Sequence analysis of At4g02150 shows that MOS6 en- t
codes a paralog of Arabidopsis Karyopherin α (AtKapα) e
[16]. Karyopherins are a conserved family of mobile w
targeting receptors that mediate the bidirectional traf- o
ficking of macromolecules across the nuclear envelope d
and include classes such as α importins, β importins, s
and exportins [17]. The best-understood function of im- p
portin α is to serve as an adaptor that links nuclear- c
localization signal (NLS)-containing proteins to importin iβ and thus forms a trimeric complex [17]. AtKapα, for c
example, binds to three different nuclear-import signals w
in vitro, namely a classical NLS, a basic bipartite NLS, i
and a Mat-like signal [16], and also to importin β, which m
mediates translocation through the nuclear-pore com- N
plex (NPC) through its ability to interact with nucleopor- c
ins [17]. In mammalian cells, after entering the nucleus, b
RanGTP binds to importin β and displaces the cargo- t
importin α heterodimer. This process is similar in plant t
cells, and nucleo-cytoplasmic partitioning of proteins b
has been implicated in the regulation of various envi- p
ronmental and developmental signals [18]. p
The importin α gene family has undergone consider- i
able expansion during the course of eukaryotic evolu-
tion. Whereas the yeast genome encodes a single N
importin α, Drosophila, C. elegans, mammalian, and R
higher-plant genomes all contain multiple proteins with T
deduced importin α function. The Arabidopsis genomencodes eight importin α homologs (Figure 4C). The ex-
ression of AtImp-α1 through AtImp-α4 [19] was con-
irmed experimentally, and that of AtImp-α5 through
tImp-α8 [6] was deduced from the genomic sequences
nd therefore still lacks experimental verification.MOS6
as previously classified as importin α3 (AtImpα3) [19].
he deduced MOS6 protein has the typical architecture
f all importin α proteins (except for AtImp-α8): an
mino-terminal importin β binding domain (IBB) that is
ich in arginine residues, armadillo (ARM) repeats that
ake up the core of the protein and contain the NLS
inding pockets, and a carboxy-terminal acidic patch
hat is implicated in the interaction with CAS [20] (Fig-
re 4A). Phylogenetic analysis of plant importin α pro-
eins (eight Arabidopsis, five rice, two pepper, and one
omato) and several animal α importins (three each
rom Drosophila and C. elegans) shows that, except for
ne rice importin, OsImpα-2, all plant homologs fell into
distinct clade (Figure S4). Because homologs from
he same species do not cluster together within the
lant clade, it is likely that α importins diverged from a
ommon ancestor of all higher plants, presumably to
erform cell- and tissue-specific roles in development
nd differentiation. It is possible that some Arabidopsis
mportins are functionally redundant. MOS6 (importin
3) is very similar to importin α6 (accession NP_
73743), and these two proteins are closely related
hylogenetically (Figure S4). Because all alleles of
os6 only partially suppress snc1 phenotypes, it will
e interesting to see if defects in both AtImpa6 and
OS6 more completely suppress snc1.
The question of why there are so many importin α
roteins has not so far been addressed in plants. In
nimals, tissue-specific expression has been shown for
ifferent α importin homologs, but many of these in-
eract with the same substrate [17]. The significance of
ncoding multiple importin α homologs can be inferred
rom studies in humans, in which seven different impor-
in α proteins have been described [21]. Recently, in an
ffort to examine specificity of these proteins, RNAi
as used to specifically downregulate the expression
f ubiquitously expressed human α importins [22]. The
ownregulation of two human importins, α3 and α5,
pecifically inhibited cellular proliferation and the im-
ort of the nuclear protein Ran guanine nucleotide ex-
hange factor (RCC1)—both defects were rescued by
njection of recombinant importin α3. Therefore, it was
oncluded that, in humans, nuclear import of RCC1
as dependent on importin α3 only [22]. More recently,
mportin α3 and importin α4 have been identified as the
ain importin α isoforms mediating TNF-α-stimulated
F-κB p50/p65 heterodimer translocation into the nu-
leus in humans [23]. Because all importin α proteins
ind cNLS sequences, this finding further suggests that
here is additional import substrate specificity. So far,
he only example of this type of specificity in plants has
een described in rice. Nuclear import of constitutive
hotomorphogenic 1 (COP1), a repressor of photomor-
hogenesis regulated by nucleo-cytoplasmic partitioning,
s mediated preferentially by the rice importin α1b [24].
ucleo-Cytoplasmic Trafficking Has an Essential
ole in Plant Innate Immunity
he most obvious potential role for MOS6 is in proteinimport, where MOS6 may specifically or preferentially
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1133import unknown cargo proteins involved in disease-
response signaling into the nucleus. In Arabidopsis,
bZIP transcription factors TGA2, TGA5, and TGA6 are
essential for SA-induced PR gene expression and pa-
thogen resistance [25]. Binding of these transcription
factors to the promoter of PR-1 is regulated by NPR1
[26], a critical component of SA-dependent defense re-
sponses [27]. Interestingly, NPR1 is sequestered in the
cytoplasm of uninduced cells and imported to the nu-
cleus after induction by SA [28, 29]. It remains to be
determined whether MOS6 is involved in the transloca-
tion of NPR1 from the cytoplasm to the nucleus.
In future studies, it will be important to analyze the
dynamics of the MOS6 protein in response to pathogen
infection. In addition, the possibility of functional redun-
dancy of importin α proteins needs to be addressed. Nev-
ertheless, the identification of mos6 as a suppressor of
snc1 resistance, coupled with our previous report on
MOS3, which is a nucleoporin 96 homolog that may be
involved in RNA export [7], highlights the significance
of nucleo-cytoplasmic trafficking in plant immunity.
Supplemental Data
Detailed Experimental Procedures and four supplemental figures
are available at http://www.current-biology.com/cgi/content/full/15/
12/1129/DC1/.
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Figure 4. Sequence Analysis of MOS6
(A) Exon/intron and predicted protein structure of MOS6. The exons are indicated with boxes. Locations of the mos6-2 and mos6-3 deletions,
relative to the mos6-1 defect affecting the first exon, are indicated. Different protein domains and their relative location are indicated by
shape. IBB, importin β binding domain; ARM, armadillo repeat. Base pair (bp) and amino acid (aa) lengths are indicated by size bars.
(B) MOS6 restores constitutive disease resistance in mos6-1 snc1 plants. Procedures and P. p. Noco2 disease ratings were as described in
Figure 2. Two of the independent complementing lines are shown as representatives.
(C) Amino acid sequence comparison of MOS6 (AtImpα3, accession NP_192124) and other Arabidopsis importin α homologs. Sequences of
AtImpα1/AtKapα1 (accession NP_850524), AtImpα2 (accession NP_567485), AtImpα4 (accession NP_849623), AtImpα5 (accession NP_
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